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Abstract
Zitterbewegung of massless particles with an arbitrary spin is analyzed in various representations.
Dynamics of the group velocity of a massless particle as a whole and the corresponding radius vector
is determined. This radius vector defines any fixed point of the envelope of the moving wave packet
characterizing the particle and its group velocity differs from the group velocities of any points of the
wavefront. We consider massless scalar and Dirac particles, the photon, and massive and massless
particles with an arbitrary spin and describe them in different representations. For particles with
an arbitrary spin, the generalized Feshbach-Villars representation and the Foldy-Wouthuysen one
are used. Zitterbewegung takes place in any representation except for the Foldy-Wouthuysen
one. Formulas describing the particle motion are the same in any representation. In the Foldy-
Wouthuysen representation, the operators of the velocity and momentum are proportional and
Zitterbewegung does not take place. Since the radius vector (position) and velocity operators
are the quantum-mechanical counterparts of the classical position and velocity just in the Foldy-
Wouthuysen representation, Zitterbewegung is not observable. The same conclusion has been
previously made for massive particles.
Keywords: relativistic quantum mechanics; Zitterbewegung; massless particles; Foldy-Wouthuysen transfor-
mation; photon
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I. INTRODUCTION
Zitterbewegung is one of the most important and widely discussed problems of quantum
mechanics (QM). It is a well-known effect consisting in a superfast trembling motion of a free
particle. This effect has been first described by Schro¨dinger [1] for relativistic electrons in
a free space as a result of an interference between positive and negative energy states. This
effect is also known for a scalar particle [2–4] and for a massive Proca one [4, 5]. There are
plenty of works devoted to Zitterbewegung. In our study, we discuss only papers presenting
a correct analysis of the observability of this effect. The correct conclusions about the origin
and observability of this effect have been made in Refs. [3–10]. However, Zitterbewegung
of massless particles was not studied. A probable cause is a demonstration by Newton and
Wigner [11] and Wightman [12] for the photon that it cannot be strictly localized according
to natural criteria. However, the group velocity of massless particles and the corresponding
radius vector can be determined and a rigorous consideration of their Zitterbewegung can
be fulfilled. Such a consideration is a goal of the present study.
The paper is organized as follows. In the next section, we explain previously obtained
results for Zitterbewegung of massive fermions and bosons. In Sec. III, we study Zitterbewe-
gung for massless scalar and Dirac particles. Quantum mechanics of the photon is presented
in Sec. IV and Sec. V is devoted to the analysis of its Zitterbewegung. In Sec. VI, we con-
sider Zitterbewegung for particles with an arbitrary spin in the generalized Feshbach-Villars
(GFV) representation. Finally, we summarize the results obtained in Sec. VII.
The system of units ~ = 1, c = 1 and the standard denotations of the Dirac matrices (see,
e.g., Ref. [13]) are used.
II. PREVIOUSLY OBTAINED RESULTS FORMASSIVE FERMIONS AND BOSONS
In our short review of previously obtained results, we follows Ref. [4]. The Dirac Hamil-
tonian for a free spin-1/2 particle is given by
HD = βm+α · p (1)
and the Dirac velocity operator has the form
vD ≡ dr
dt
= i[HD, r] = α. (2)
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The operator vD is time-dependent:
dvD
dt
= i[HD, vD] = i{α,HD} − 2iαHD = 2i(p−αHD). (3)
The problem is usually considered in the Heisenberg picture:
vD(t) = e
iHDtαe−iHDt. (4)
In the Schro¨dinger picture, the result is the same. We suppose that the eigenvalues of the
momentum and Hamiltonian operators are p and H , respectively. In this case, Eq. (3) can
be presented in terms of the Dirac velocity operator:
dvD
dt
= 2i(p− vDH). (5)
Its integration shows that the Dirac velocity oscillates:
vD(t) =
[
vD(0)− p
H
]
e−2iHt +
p
H
. (6)
The evolution of the Dirac position operator obtained from this equation is given by
rD(t) = rD(0) +
pt
H
+
i
2H
[
vD(0)− p
H
] (
e−2iHt − 1) . (7)
A similar result has been obtained for a free scalar (spin-0) particle (see Ref. [3] and
references therein). In this case, the initial Feshbach-Villars (FV) Hamiltonian reads [14]
HFV = ρ3m+ (ρ3 + iρ2) p
2
2m
, (8)
where ρi (i = 1, 2, 3) are the Pauli matrices. The velocity operator in the FV representation
is equal to
vFV = (ρ3 + iρ2)
p
m
. (9)
The corresponding acceleration operator is defined by the equation similar to Eq. (3) [3]:
dvFV
dt
= i[HFV , vFV ] = i{vFV ,HFV } − 2ivFVHFV = 2i(p− vFVHFV ). (10)
It is supposed that the eigenvalues of the momentum and Hamiltonian operators are p and
H , respectively. As a result, the final equations of dynamics of the free scalar particle [3]
are equivalent to the corresponding equations for the Dirac particle:
vFV (t) =
[
vFV (0)− p
H
]
e−2iHt +
p
H
, (11)
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rFV (t) = rFV (0) +
pt
H
+
i
2H
[
vFV (0)− p
H
] (
e−2iHt − 1) . (12)
Zitterbewegung can also be considered in the GFV representation allowing one to describe
not only massive scalar particles but also massless ones. This representation which has been
previously used in Refs. [15–18] is, in fact, an infinite set of representations. It has been
obtained in Ref. [4] that equations of motion in the GFV representation are equivalent to
Eqs. (11), (12).
Amazingly, the same physical situation takes place for Proca (spin-1) particles. Massive
Proca particles have been investigated in Refs. [4, 5]. Zitterbewegung takes place in the
Sakata-Taketani representation [19, 20] which does not exist for massless particles. The final
equations of motion of a free Proca particle are equivalent to the corresponding equations
for the Dirac and scalar particles [4, 5]:
vST (t) =
[
vST (0)− p
H
]
e−2iHt +
p
H
, (13)
rST (t) = rST (0) +
pt
H
+
i
2H
[
vST (0)− p
H
] (
e−2iHt − 1) . (14)
In connection with this equivalence, we can mention the existence of bosonic symmetries of
the standard Dirac equation [21–27].
However, a coincidence of results obtained for particles with different spins in various
representations does not mean that the effect of Zitterbewegung is observable. It has been
pointed out in Ref. [28] that the transition to the Foldy-Wouthuysen (FW) representation
establishes the proportionality of the operators p and v which should take place for free
particles with any spin. In the FW representation, the acceleration vanishes and the Dirac
Hamiltonian takes the form [29]
HFW = β
√
m2 + p2, p ≡ −i~ ∂
∂r
. (15)
The velocity operator is given by
vFW = β
p√
m2 + p2
=
p
HFW . (16)
As a result, dvFW/(dt) = 0 and Zitterbewegung does not take place. Similar relations have
been obtained for massive particles with the spins 0 and 1 (see Ref. [4] and references
therein).
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The FW representation is the only one in which relativistic QM takes a Schro¨dinger
form and expectation values of all operators correspond to respective classical variables (see
Refs. [8, 30–33] and references therein). Therefore, this representation is very convenient for
checking an observability of physical effects. Zitterbewegung takes place only for operators
which are not the quantum-mechanical counterparts of the classical position and velocity.
In particular, its appearance in the Dirac representation is caused by a significant differ-
ence between physical meanings of the Dirac and FW position operators (see Ref. [8] and
references therein).
III. ZITTERBEWEGUNG FOR MASSLESS SCALAR AND DIRAC PARTICLES
Our study significantly differs from precedent investigations because it relates to massless
particles. It is well-known that the photon and other massless particles cannot be spatially
localized [11, 12, 34–36]. As a result, r = (x, y, z) cannot characterize the coordinates of
such particles. To determine a corresponding radius vector for massless particles, we can
use the Hamilton equation for the velocity:
v =
dr
dt
=
∂H
∂p
. (17)
In QM, this equation remains valid as an operator equation and ∂H/(∂p) = i[H, r]. For
massless particles, H and p correspond to ~ω and ~k, respectively, and ∂H/(∂p) is the group
velocity. The phase velocity is equal to vph = ω/k. Thus, r is a moving point characterizing
any fixed point of the envelope of the wave packet and v is the velocity of its motion. The
latter quantity defines the group velocity of a massless particle as a whole. Below, we show
an existence of Zitterbewegung for massless particles.
We apply the conventional commutative spatial coordinates. The use of noncommutative
coordinates (i.e., noncommutative geometry) has been considered, e.g., in Ref. [8].
Certainly, we can utilize the general equation for the Hamiltonian in the GFV represen-
tation derived in Ref. [15]. For a massless scalar particle, the initial Klein-Gordon equation
has the form (
∂2
∂t2
−∇2
)
ψ = 0 (18)
and the GFV Hamiltonian is given by
HGFV = ρ3p
2 +N2
2N
+ iρ2
p2 −N2
2N
, (19)
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where N is an arbitrary real nonzero parameter. Hereinafter, ρ1, ρ2, and ρ3 are the Pauli
matrices:
ρ1 =

 0 1
1 0

 , ρ2 =

 0 −i
i 0

 , ρ3 =

 1 0
0 −1

 . (20)
For a scalar particle, the normalization of the two-component wave function in the Feshbach-
Villars (FV) representation [14]
Ψ =

 φ
χ

 (21)
is given by ∫
Ψ†ρ3ΨdV = 1.
Any GFV Hamiltonian is pseudo-Hermitian (more exactly, ρ3-pseudo-Hermitian): H‡GFV =
ρ3H†GFV ρ3 = HGFV . For massless and massive particles, the normalization of GFV and FV
wave functions is the same: ∫
Ψ†GFV ρ3ΨGFV dV = 1.
The velocity operator in the GFV representation is equal to
vGFV = (ρ3 + iρ2)
p
N
. (22)
The corresponding acceleration operator reads
dvGFV
dt
= i[HGFV , vGFV ] = i{vGFV ,HGFV } − 2ivGFVHGFV = 2i(p− vGFVHGFV ). (23)
The dynamics of the massless scalar particle is independent of N and is defined by the
following equations:
vGFV (t) =
[
vGFV (0)− p
H
]
e−2iHt +
p
H
, (24)
rGFV (t) = rGFV (0) +
pt
H
+
i
2H
[
vGFV (0)− p
H
] (
e−2iHt − 1) . (25)
These equations are the same as the equations previously derived for massive particles.
For a massless Dirac particle, we use the initial Dirac equation (1), suppose that m = 0,
and repeat all calculations presented in Sec. II. Dynamic equations are the same as Eqs.
(6) and (7) and show the existence of Zitterbewegung.
As well as for massive particles, Zitterbewegung does not appear in the FW representa-
tion. The use of this representation for spinning massless particles should be commented.
For massive particles, the three-component classical spin and the operator ~Σ in the FW
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representation define the spin in the particle rest frame (see Ref. [8] and references therein).
However, such a frame does not exist for massless particles. For such particles, the spin can
be introduced but its projection onto the momentum direction can have only two values,
minimum and maximum. Thus, the helicity of a massless particle is equal to
h =
s · p
p
= ±s. (26)
Two partial waves describing states with h = ±s can be coherent when these states have
the same energy.
We can see that the physical meaning of the three-component spin operator for massless
particles is substantially different from the physical meaning of this operator for massive
particles. In the formed case, it defines the particle polarization. When the helicity is fixed,
this polarization is circular. When the two partial waves describing states with the opposite
helicity are coherent, the particle polarization is different (e.g., linear). We should note that
polarization properties are different for the photon (s = 1) and the graviton (s = 2).
For a massless Dirac particle, the FW transformation operator is given by (cf. Refs.
[29, 30, 37])
UFW =
p+ γ · p√
2p
. (27)
The FW Hamiltonian reads
HFW = β
√
p2 = βp (28)
and the velocity operator is given by
vFW = β
p
p
=
p
HFW . (29)
Thus, the velocity and momentum are proportional. We can repeat the conclusion [6, 7]
that Zitterbewegung is the result of the interference between positive and negative energy
states. In the FW representation, it disappears not only for massive [6, 7] but also for
massless Dirac particles.
It can be easily shown that the Dirac-Pauli spin algebra is applicable for a description of
massless Dirac fermions. Squaring Eq. (26) for the helicity results in
(s · p)2 = 1
4
p2. (30)
This equation is satisfied with the Pauli matrix σ = 2s. Thus, massless Dirac fermions can
be described with the conventional Pauli and Dirac matrices. Of course, the operators σ
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and Σ do not define the spin in the particle rest frame and characterize the polarization and
helicity of massless particles.
IV. QUANTUM MECHANICS OF THE PHOTON
Quantum mechanics of the photon is a relatively new branch of contemporary QM. In
optics, the wave function of the photon, Ψ, is not a wave function in the same sense as
for the electron and determines the relative amplitude of the electric field [38–40]. The full
description of an electromagnetic field including its interaction with matter is based on the
quantum field theory (see Refs. [41, 42]). However, the propagation of light in a free space
can be adequately described with the Riemann-Silberstein vector
F =
1√
2
(E + iB) .
It allows one to reduce the Maxwell equations and to present them in the form [43, 44]
i~
∂F
∂t
= c(S · p)F , (31)
where S = (S1, S2, S3) is a vector in which the components are the conventional spin-1
matrices [46]:
S1 =


0 0 0
0 0 −i
0 i 0

 , S2 =


0 0 i
0 0 0
−i 0 0

 , S3 =


0 −i 0
i 0 0
0 0 0

 . (32)
This definition is not unique. One can use any other spin matrices satisfying the properties
[Si, Sj] = ieijkSk, SiSjSk + SkSjSi = δijSk + δjkSi, S
2 = 2I, (33)
where I is the unit 3 × 3 matrix. The spin matrices act on three components of F . The
equation (31) is similar to the Weyl equation for a massless Dirac particle [44]. When the
six-component wave function is defined by [45, 47, 48]
Ψ =
1√
2

 φ
χ

 ≡ 1√
2

 E
iB

 , (34)
the Dirac-like equation for the free electromagnetic field can be obtained [45, 47, 48]:
i~
∂Ψ
∂t
= α · pΨ, α =

 0 S
S 0

 . (35)
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In this equation, H = α · p is the Dirac-like Hamiltonian.
The additional condition of an orthogonality of the momentum direction to the fields E
and B should also be taken into account. It follows from the Maxwell equations in the free
space that p · φ = p · χ = 0. As a result, the number of independent components of Ψ
reduces to four.
The FW transformation of Eq. (35) has been carried out only in 2014 by Barnett [45].
It is instructive to mention that any operator V satisfies the relation
iV ×G = (S · V )G,
where G is equal to E or B. The FW transformation operator is equivalent to the operator
(27) for the massless Dirac particle but has six components:
UFW =
p+ βα · p√
2p
, β =

 I 0
0 −I

 . (36)
As a result, the FW wave function of the photon, ΨFW = UFWΨ, is defined by
Ψ
(+)
FW =

 E
0

 if H = |p| > 0, Ψ(−)FW =

 0
iB

 if H = −|p| < 0. (37)
Here p and H are eigenvalues of the momentum and Hamiltonian operators, respectively.
Negative values ofH define photon states with a negative total energy. In Eq. (37), the fields
E and B also characterize states with a positive and a negative total energy, respectively.
It is convenient to present the fields in the matrix form, E =


E1
E2
E3

 and B =


B1
B2
B3

.
In the FW representation, p · φ = 0 if H = |p| > 0 and p · χ = 0 if H = −|p| < 0.
Therefore, the number of nonzero and independent components of ΨFW reduces to two. It
has been proven in Ref. [45] that
P2Ψ ≡ [p2 − (α · p)2]Ψ = [p2 − (Σ · p)2]Ψ = 0, Σ =

 S 0
0 S

 , (38)
where Σ is the spin operator.
As a result of derivations [45], the FW Hamiltonian is defined by
i~
∂ΨFW
∂t
= HFWΨFW , HFW = βp. (39)
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Quantum mechanics of the photon agrees with the general condition (26) for the helicity.
For the photon, s = S and s = Σ when one uses two-component and four-component wave
functions, respectively, and s = 1. Squaring Eq. (26) leads to the relation (Σ · p)2 = p2
which is equivalent to Eq. (38) (see Ref. [45] and references therein).
To complete QM of the photon, we need to determine an equation of the second order in
the temporal and spatial derivatives (Klein-Gordon-like equation). The quantum-mechanical
description of the photon in the GFV representation will be carried out in Sec. VI. The
Klein-Gordon-like (KGL) equation can be easily obtained by squaring the FW Hamiltonian
equation (39) and has the form (
∂2
∂t2
−∇2
)
ψ = 0. (40)
The three-component wave function ψ coincides with the upper three-component spinor-like
part of ΨFW and is equal to E for positive-energy states of the photon. For negative-energy
states, ψ = iB. The number of independent components of ψ reduces to two due to the
orthogonality condition p ·ψ = 0.
It can also be shown by squaring Eq. (31) and taking into account Eqs. (26) and (38)
that the Riemann-Silberstein vector is also a solution of the KGL equation, ψ = F =
1√
2
(E + iB), for states with both positive and negative total energies.
We note the nonequivalence of the Dirac-like and FW wave functions, Ψ and ΨFW . The
former function defines both fields, E and B, reproduces the Maxwell equations, and estab-
lishes the connection between states with a positive and a negative total energy. While the
FW wave function perfectly describes the light field, it does not possesses these properties.
However, just the wave function defined only by the electric field strength is used in optics.
V. ZITTERBEWEGUNG FOR THE PHOTON
The use of the Dirac-like equation (35) and the KGL equation (40) allows us to study
Zitterbewegung for the photon. The velocity and acceleration operators determined from
Eq. (35) are given by
v ≡ dr
dt
= i[H, r] = α, dv
dt
= i[H, v] = i{α,H} − 2iαH = 2i(p−αH) (41)
and are equivalent to the corresponding equations (2) and (3) for Dirac particles. Certainly,
the derivation for the photon leads to the final formulas which are also equivalent to the
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corresponding ones for Dirac particles:
r(t) = r(0) +
pt
H
+
i
2H
[
v(0)− p
H
] (
e−2iHt − 1) , (42)
v(t) =
[
v(0)− p
H
]
e−2iHt +
p
H
. (43)
To study Zitterbewegung, we can also use the GFV transformation of the KGL equation
(40). In this case, we introduce the spinor-like wave functions (cf. Ref. [15])
ψ = φ+ χ, i
∂ψ
∂t
= N(φ− χ). (44)
Multiplying the second equation by i∂/(∂t) allows one to obtain the GFV Hamiltonian [15]:
HGFV = ρ3p
2 +N2
2N
+ iρ2
p2 −N2
2N
. (45)
We should mention that this Hamiltonian is also proportional to the 3×3 unit matrix which
is omitted (HGFV I → HGFV ). This is its only difference with the Hamiltonian (19). As a
result, the final equations describing Zitterbewegung coincide with Eqs. (24) and (25) for
the scalar particle and with Eqs. (42) and (43) in the Dirac-like representation.
Thus, Zitterbewegung for the photon is the Dirac-like and GFV representations is deter-
mined by the same equations which also coincide with all corresponding equations for other
massless and massive particles presented in Secs. II–III. Nevertheless, all noted equations
have been obtained in representations different from the FW representation. The transition
to the latter representation resulting in the Hamiltonian (39) eliminates Zitterbewegung. In
this representation, the velocity operator has the form [cf. Eqs. (16) and (29)]
vFW = β
p√
m2 + p2
=
p
HFW . (46)
Since the FW position and velocity operators are the quantum-mechanical counterparts of
the corresponding classical variables (see Ref. [8] and references therein), the observability
of Zitterbewegung should be determined just in the FW representation. As a result of
proportionality of the velocity and momentum operators, Zitterbewegung of the photon is
unobservable and should be considered as a purely mathematical effect. Zitterbewegung
does not exist as a real physical effect.
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VI. ZITTERBEWEGUNG FOR PARTICLES WITH AN ARBITRARY SPIN IN
THE GENERALIZED FESHBACH-VILLARS REPRESENTATION
Zitterbewegung can also be studied for particles with an arbitrary spin. It has been
shown by Weinberg [49] that particles with an arbitrary spin satisfy the Klein-Gordon (more
precisely, Klein-Gordon-like) equation
(
∂2
∂t2
−∇2 +m2
)
ψ = 0, (47)
where the wave function ψ has 2s+1 components. The number of components of this wave
function is defined by the number of independent spin components. Evidently, Eq. (47) is
equally applicable to states with a positive and a negative total energy. Any passage to the
Hamiltonian formalism separates such states and needs an introduction of the 2(2s + 1)-
component wave function Ψ.
Equation (47) is also applicable to massless particles. However, the condition (26) defining
the helicity should be satisfied in this case. This condition defines two admissible longitudinal
spin projections and reduces the number of independent components of ψ to two.
We can carry out the GFV transformation [4, 15]
ψ = φ+ χ, i
∂ψ
∂t
= N(φ − χ) (48)
for particles with an arbitrary spin.
After multiplying the last relation by i∂/(∂t), Eq. (48) can be presented in the matrix
form [4, 15]
i
∂ΨGFV
∂t
= HGFVΨGFV , ΨGFV =

 φ
χ

 ,
HGFV = ρ3p
2 +m2 +N2
2N
+ iρ2
p2 +m2 −N2
2N
.
(49)
HereHGFV and ΨGFV are the Hamiltonian and the wave function in the GFV representation.
Evidently, this representation connects the states with a positive and a negative total energy
with each other. We note the difference between the ST and GFV Hamiltonians for massive
spin-1 particles and underline the applicability of the GFV representation for both bosons
and fermions. The same derivations as in Ref. [4] show that equations of motions in this
representation coincide with the corresponding equations [4] for scalar particles and with
Eqs. (24) and (25). Thus, the description of particles with an arbitrary spin in the GFV
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representation demonstrates the presence of Zitterbewegung and the perfect similarity of
equations of motion for particles with any spin in any representation (except for the FW
one). The derivation is the same for massive and massless particles. In the latter case, all
obtained formulas remain valid provided that m = 0.
Like in other cases, Zitterbewegung does not take place in the FW representation. The
FW transformation of the Hamiltonian (49) is exact. The general form of the FW trans-
formation operator has been obtained in Ref. [30]. In the considered case, this operator
reduces to [15]
UGFV→FW =
ǫ+N + ρ1(ǫ−N)
2
√
ǫN
, ǫ =
√
m2 + p2. (50)
Since this operator is ρ3-pseudounitary [15], the operator of the inverse transformation is
defined by
U †GFV→FW = ρ3U
−1
GFV→FWρ3, U
−1
GFV→FW = UFW→GFV = ρ3U
†
GFV→FWρ3,
UFW→GFV =
ǫ+N − ρ1(ǫ−N)
2
√
ǫN
.
(51)
For the photon, m = 0 and the GFV wave function ΨGFV = UFW→GFVΨFW is equal to
Ψ
(+)
GFV =
E
2
√
pN

 N + p
N − p

 , Ψ(−)GFV = iB2√pN

 N − p
N + p

 . (52)
for states with a positive and a negative total energy, respectively. The FW wave function
corresponding to these states is defined by Eq. (37).
In the general case, we can determine the FW Hamiltonian and the corresponding wave
function with the use of the operator (50):
HFW = βǫ, ΨFW = Ψ(+)FW =
2
√
ǫN
ǫ+N

 φ
0

 if HFW = |ǫ| > 0,
ΨFW = Ψ
(−)
FW =
2
√
ǫN
ǫ+N

 0
χ

 if HFW = −|ǫ| < 0.
(53)
The connection between the FW wave function and the initial GFV one is similar to that
between the FW and Dirac wave functions [50] but the coupling factors are different in the
two cases.
For massive and massless particles, the FW velocity operator is defined by
vFW = i[HFW , rFW ] = β p√
m2 + p2
=
p
HFW . (54)
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This equation is valid for particles with any spin. For massless particles, vFW = βcp/|p|.
Therefore, dvFW/(dt) = 0 and Zitterbewegung does not take place. Since the FW repre-
sentation is the only representation in which relativistic QM takes a Schro¨dinger form and
expectation values of all operators correspond to respective classical variables, Zitterbewe-
gung takes place only for operators which are not the quantum-mechanical counterparts of
the classical position and velocity. As a result, Zitterbewegung is not observable. This is
the same conclusion which has been made in the previous studies [3–10].
VII. SUMMARY
In summary, we have analyzed Zitterbewegung of massless particles with an arbitrary
spin in various representations. The photon and other massless particles cannot be spatially
localized and the radius vector r = (x, y, z) cannot characterize their coordinates. There-
fore, r is a moving point characterizing any fixed point of the envelope of the wave packet
characterizing the particle and v is the velocity of its motion. The latter quantity defines
the group velocity of the massless particle as a whole but not that of any point of the wave-
front. We have considered massless scalar and Dirac particles, the photon, and massive and
massless particles with an arbitrary spin. We have described them in different representa-
tions. For particles with an arbitrary spin, the GFV and FW representations have been
used. In all cases, Zitterbewegung takes place in any representation except for the FW one.
In such cases, formulas describing the particle motion are the same in any representation. In
the FW representation, the operators of the velocity and momentum are proportional and
Zitterbewegung does not take place. The radius vector (position) and velocity operators are
the quantum-mechanical counterparts of the classical position and velocity just in the FW
representation. Therefore, Zitterbewegung is not observable. This conclusion agrees with
the conclusions made in the previous studies [3–10] for massive particles.
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